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Abstract
In this letter, a new approach to perform edge detection is presented using an
all-dielectric CMOS-compatible metasurface. The design is based on guided-
mode resonance which provides a high quality factor resonance to make the
edge detection experimentally realizable. The proposed structure that is easy
to fabricate, can be exploited for detection of edges in two dimensions due to
its symmetry. Also, the trade-off between gain and resolution of edge detection
is discussed which can be adjusted by appropriate design parameters. The
proposed edge detector has also the potential to be used in ultrafast analog
computing and image processing.
Keywords: Analog optical image processing, Metamaterials, Subwavelength
structures.
Recently, researchers have succeeded in overcoming relatively large size and
slow response of electronic and mechanical analog computers by introducing
a new concept of analog optical computing. This concept has been used to
all-optical performing of different real-time computations and operations in the
temporal or spatial domain. A plethora of works have been done on temporal
analog optical computing including optical temporal differentiator based on ring
resonator [1], photonic temporal integrator [2] and all-optical differential equa-
tion solver [3]. On the other side, for spatial computation, the two approaches
proposed in [4] allow implementation of the desired transfer function in the spa-
tial domain using metasurfaces or metamaterials with engineered meta-atoms
or a multilayered slab that is transversely homogenous but longitudinally in-
homogeneous. Furthermore, the spatial differentiation, as one of the primary
operators for optical processing has presented in [5] using phase-shifted Bragg
grating and in [6] based on Brewster effect at oblique incidence.
Recently, Zhu et al. have proposed a plasmonic-based spatial differentiator
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and have shown that it can be used for edge detection, a method in which in-
tensity changes in an image is described [7], without any Fourier lens [8]. Edge
detection, as the first step in object detection, simplifies the image processing
by decreasing the under processing data [9]. However, time-consuming compu-
tation of high-throughput edge detection requirement represents a key challenge
in applications with real-time image processing [8]. The differentiator proposed
by Zhu et al. [8] has a high gain because of a narrow plasmonic resonance which
is due to the excitation of a surface plasmon. The high gain is a very important
feature which makes the edge detection experimentally viable by overcoming
inevitable noise. However, their design requires fine-tuning of geometrical and
material parameters because it works based on critical coupling condition, i.e.
the equality of radiative leakage rate of the structure and the intrinsic loss rate
of the plasmonic material. Moreover, their structure detects edges merely in one
dimension, owing to the fact that its based on the one-dimensional first-order
derivative of the incident beam profile [8]. To realize two-dimensional edge de-
tection, one can use the two-dimensional differentiators like Laplace operator.
For example, this operator has been synthesized by phase-shift Bragg grating in
[10], but for increasing the gain of the structure, several numbers of Bragg layers
is necessary that increase the size and fabrication complexity of the structure.
In this paper, we propose an all-dielectric CMOS-compatible ultrathin meta-
surface with two-dimensional periodicity to realize two-dimensional edge detec-
tion. Our structure is in light of guided mode resonance (GMR) [11, 12] and
its fabrication is easy. The high quality factor GMR is exploited for providing
high-gain edge detection. The amount of gain that affects the bandwidth of
edge detection can be controlled arbitrarily by adjusting design parameters of
the structure for the desired wavelength.
Fig. 1(a) illustrates the metasurface consisting of a slab of silicon dioxide
(SiO2) with height H and the refractive index of n = 1.46 that functions as the
cover and substrate for periodic silicon nitride inclusions. These inclusions with
the refractive index of n = 2, height h, and width D are arranged symmetrically
at the center of silicon dioxide slab with identical periods of Λ in both x and y
directions.
The GMR condition is satisfied when the incident plane wave couples to a
leaky waveguide mode due to the periodicity of the structure. This condition
for the normal incidence can be formulated as,√
(mkΛ)
2
+ (nkΛ)
2
= βr (1)
in which, m and n are integers, kΛ =
2pi
Λ is the grating wave-vector, and βr is
the real part of the propagation constant of the leaky mode which depends on
the wavelength because of the modal dispersion.
By appropriate selection of period, one can observe resonance under the
normal incidence, leading to a dip in the transmission coefficient of the meta-
surface. The first resonance is depicted in the Fig. 1(b) for 3 different values of
h assuming Λ = 500 nm, D = 0.5Λ and H = h + 200 nm. These results have
been calculated by rigorous coupled wave analysis (RCWA) [13] for TE-polarized
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normal incidence. Due to the x-y symmetry of the structure, the transmission
coefficient will be the same for TM polarization at normal incidence. As it is
obvious from Fig. 1(b), the height of the inclusions can be increased to achieve
less leaky waveguide mode that leads to a broader linewidth and lower quality
factor. Not only does the height of the inclusions affect the linewidth, but also
it changes the central wavelength of the resonance due to its influence on the
propagation constant in Eq. (1). Nevertheless, one can adjust the period to
achieve the resonance in a given wavelength. For this purpose, we can calcu-
late the resonant wavelength by Eq. (1) in which the dispersion of propagation
constant can be approximately obtained using effective medium theory [14].
In addition to numerical analysis, the transmission coefficient, depicted as
circles in Fig. 1(b), has been calculated by phenomenological analysis of tem-
poral coupled mode theory (CMT) [15] which predicts the shape of the trans-
mission coefficient with a good agreement with the RCWA results.
Now, we consider a normal incident beam illuminating the structure. We
can decompose this beam into TE and TM-polarized beams and express them
as the superposition of plane waves by spatial Fourier transform,
~Einc(x, y, z) = ~EincTE(x, y, z) +
~EincTM(x, y, z)
=
∫∫
E˜TE(kx, ky)~uTE(kx, ky)e
i~k.~rdkxdky
+
∫∫
E˜TM(kx, ky)~uTM(kx, ky)e
i~k.~rdkxdky
(2)
in which, ~k = kxxˆ + ky yˆ + kz zˆ is the wave-vector, ~uTM = − cosϕ cos θxˆ −
sinϕ cos θyˆ + sinθzˆ and ~uTE = − sinϕxˆ + cosϕyˆ are the unitary vectors as-
sociated with TM and TE polarizations in which θ and ϕ are elevation and
azimuthal angles specifying the angle of incidence according to Fig. 1(a). In
addition, E˜TE(kx, ky) and E˜TM(kx, ky) are spatial frequency spectra of TE and
TM-polarized beams that can be calculated given the polarization of the inci-
dent beam and its spatial spectra [10]. If we assume that the incident beam is
linearly polarized such that all of its plane wave components are TE-polarized,
we can express it in Cartesian coordinate system as follows,
~Einc(x, y, z) = Eincx (x, y, z)xˆ+ E
inc
y (x, y, z)yˆ
=
∫∫
[E˜x(kx, ky)xˆ+ E˜y(kx, ky)yˆ]e
i~k.~rdkxdky
(3)
where
E˜x(kx, ky) =
−ky√
k2x + k
2
y
E˜TE(kx, ky) (4a)
E˜y(kx, ky) =
kx√
k2x + k
2
y
E˜TE(kx, ky) (4b)
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Owing to the fact that the incident beam has only TE-polarized plane wave
components, the transmitted beam is simplified as,
~Etrans(x, y, z) =∫∫
[E˜TE(kx, ky)~uTE(kx, ky)]TTE(kx, ky)e
i~k.~rdkxdky =∫∫
[E˜x(kx, ky)xˆ+ E˜y(kx, ky)yˆ]TTE(kx, ky)e
i~k.~rdkxdky
(5)
where TTE(kx, ky) is the transmission coefficient for the TE-polarized incident
plane wave which its incident angle is specified by kx and ky.
Therefore, for an incident beam with described spatial Fourier spectra given
by Eq. (4), the transmitted beam is polarized in the same direction and the
Fourier spectra of its Cartesian components can be expressed as,
E˜transx (kx, ky) = TTE(kx, ky)E˜
inc
x (kx, ky) (6a)
E˜transy (kx, ky) = TTE(kx, ky)E˜
inc
y (kx, ky) (6b)
Based on RCWA results, TTE has been depicted for 3 values of h as a func-
tion of kx/k0 for ϕ = 0
◦ in Fig. 2 (the other parameters are Λ = 500 nm,
D = 0.5Λ and H = h + 200 nm). Because TTE is zero for kx = ky = 0 and
due to symmetries, it can be expressed as a parabolic curve of kx (for ky = 0)
retaining the first non-zero term in Taylor expansion. This curve fitting is accu-
rate within a specific bandwidth. As it obvious in Fig. 2 the spatial bandwidth
of the resonance, as similar to the temporal bandwidth, can be controlled by
the appropriate height of inclusions. The significance of bandwidth control will
be further elucidated when the role of the resonance bandwidth in the edge
detection is discussed.
Fig. 3 illustrates TTE versus kx/k0 and ky/k0 for Λ = 500 nm, D = 0.5Λ, h =
70 nm and H = 270 nm at λ = 668 nm (the resonant wavelength). According to
this figure we can consider TTE(kx, ky) = TTE(ky, kx) as well as TTE(kx, ky) =
TTE(−ky, kx) = TTE(−kx,−ky) = TTE(ky,−kx) that are due to symmetries of
the structure. It is simpler to express TTE as a function of the two parameters
of polar coordinate i.e. ϕ = tan−1(ky/kx) (0 ≤ ϕ < 180) and kr = ±
√
k2x + k
2
y
instead of kx and ky. Due to the fact that TTE(ϕ, kr = 0) is zero at the resonance
and based on the symmetries, the first non-zero polynomial approximation of
TTE(ϕ, kr) is,
TTE(ϕ, kr) = α(ϕ)k
2
r = α(ϕ)
(
k2x + k
2
y
)
(7)
Based on the Eq. (6) and the form of Eq. (7), we can obtain the edge-detected
image as the output of the metasurface and define α(ϕ) as the gain of the edge
detection. We plotted α(ϕ) in Fig. 3(b) which shows lower gain around ϕ = 45◦.
In Fig. 4(a) we depicted square-shaped input beams with different sizes and
calculated the transmitted images by transfer function of Fig. 3 corresponding
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to these beams in Fig. 4(b). It can be seen that the edges in both dimensions
are resolved for large enough beams. However, the edges of the smaller beams
are not well resolved. Smaller beams have a higher spatial frequency content
being out of the device bandwidth in spatial frequency domain. So there is a
trade-off between the resolution and the gain.
For silicon nitride patches with height h = 70 nm, the minimum size of
the beams of Fig. 4(a) that can be resolved is approximately 335 µm in light
of Rayleigh criterion. It should be noted that by changing the height of the
inclusions, the bandwidth of the resonance can be controlled that leads to a
change in this resolution.
It is worth mentioning that according to Figs. 3 (a), (b) for ϕ = 45◦ the
metasurface provides edge detection with minimum gain but with maximum
bandwidth. For highlighting this effect, we rotate the incident beams for 22.5◦,
45◦ and 67.5◦ in Fig. 4(c). As expected, the transmitted images in Fig. 4(d)
represent lower intensity (darker edges) as the rotation angle approaches to 45◦.
However, the lower gain leads to a higher bandwidth and as a result to a better
resolution which is plotted as a function of ϕ in Fig. 5. According to this figure
and as our expectation, the resolution is better around ϕ = 45◦.
Finally, we evaluate edge detection using proposed metasurface on the Sharif
University of Technology logo as illustrated in Fig. 6(a). The transmitted image
amplitude in Fig. 6(b) demonstrates edges of the incident image. Although
the transmitted image is bereft of exactly uniform amplitude because of gain
dropping around ϕ = 45◦, the more quality of edge detection around this angle
is clear from the transmitted image which is due to the higher bandwidth of
device around this angle.
In summary, we proposed a CMOS-compatible metasurface that can be used
for edge detection with high-gain. This high-gain edge detection makes the
detection experimentally feasible even for images with low-gradient edges and
in the presence of unavoidable noise. The proposed structure can be used for
edge detection in two dimension. Although the intensity of edges is not uniform
in different directions, the information about existence of edges of an image
in all directions can be provided by considering a threshold amplitude in the
transmitted image. In addition, with respect to the size of the objects in the
input images, the guided mode resonance with appropriate bandwidth can be
selected based on the gain-resolution trade-off.
References
[1] F. Liu, T. Wang, L. Qiang, T. Ye, Z. Zhang, M. Qiu, Y. Su, Compact
optical temporal differentiator based on silicon microring resonator, Optics
Express 16 (20) (2008) 15880–15886.
[2] R. Slav´ık, Y. Park, N. Ayotte, S. Doucet, T.-J. Ahn, S. LaRochelle,
J. Azan˜a, Photonic temporal integrator for all-optical computing, Optics
express 16 (22) (2008) 18202–18214.
5
[3] T. Yang, J. Dong, L. Lu, L. Zhou, A. Zheng, X. Zhang, J. Chen, All-
optical differential equation solver with constant-coefficient tunable based
on a single microring resonator, Scientific reports 4 (2014) 5581.
[4] A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. Alu`, N. Engheta, Per-
forming mathematical operations with metamaterials, Science 343 (6167)
(2014) 160–163.
[5] L. L. Doskolovich, D. A. Bykov, E. A. Bezus, V. A. Soifer, Spatial differ-
entiation of optical beams using phase-shifted bragg grating, Optics letters
39 (5) (2014) 1278–1281.
[6] A. Youssefi, F. Zangeneh-Nejad, S. Abdollahramezani, A. Khavasi, Analog
computing by brewster effect, Optics letters 41 (15) (2016) 3467–3470.
[7] V. Torre, T. A. Poggio, On edge detection, IEEE Transactions on Pattern
Analysis and Machine Intelligence (2) (1986) 147–163.
[8] T. Zhu, Y. Zhou, Y. Lou, H. Ye, M. Qiu, Z. Ruan, S. Fan, Plasmonic
computing of spatial differentiation, Nature Communications 8.
[9] J. Canny, A computational approach to edge detection, IEEE Transactions
on pattern analysis and machine intelligence (6) (1986) 679–698.
[10] D. A. Bykov, L. L. Doskolovich, E. A. Bezus, V. A. Soifer, Optical com-
putation of the laplace operator using phase-shifted bragg grating, Optics
express 22 (21) (2014) 25084–25092.
[11] S. Peng, G. M. Morris, Resonant scattering from two-dimensional gratings,
JOSA A 13 (5) (1996) 993–1005.
[12] Z. Liu, S. Tibuleac, D. Shin, P. Young, R. Magnusson, High-efficiency
guided-mode resonance filter, Optics letters 23 (19) (1998) 1556–1558.
[13] J. Hugonin, P. Lalanne, Reticolo software for grating analysis, Institut
dOptique, Orsay, France.
[14] H. L. Bertoni, T. Tamir, et al., Frequency-selective reflection and trans-
mission by a periodic dielectric layer, IEEE Transactions on antennas and
propagation 37 (1) (1989) 78–83.
[15] S. Fan, W. Suh, J. Joannopoulos, Temporal coupled-mode theory for the
fano resonance in optical resonators, JOSA A 20 (3) (2003) 569–572.
6
(a)
0.63 0.635 0.64 0.645 0.65 0.655 0.66 0.665 0.67 0.675 0.68
wavelength ( m)
0
0.2
0.4
0.6
0.8
1
Tr
an
sm
is
si
on
 C
oe
ffi
cie
nt
h=20(nm) RCWA
h=45(nm) RCWA
h=70(nm) RCWA
h=20(nm) CMT
h=45(nm) CMT
h=70(nm) CMT
(b)
Figure 1: (a) Schematic of metasurface illuminated by a plane wave. (b) Zeroth-order trans-
mission coefficient for h = 20 nm (blue), h = 45 nm (red) and h = 70 nm (black) calculated
by RCWA (solid) and temporal CMT (circles) at normal incidence. Other parameters are
assumed as Λ = 500 nm, D = 0.5Λ and H = h+ 200 nm.
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Figure 2: Spatial transfer function spectra (solid) in one dimension calculated by RCWA and
the parabolic fitting (dashed) for ϕ = 0◦. The parameters of the metasurface are Λ = 500 nm,
D = 0.5Λ, H = h + 200 nm and h = 20 nm at λ = 637 nm, h = 45 nm at λ = 653 nm,
h = 70 nm at λ = 668 nm. The incident beam is TE polarized.
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Figure 3: (a) Two dimensional spatial transfer function spectra and (b) gain of edge detection
versus ϕ. Results are calculated by RCWA for h = 70 nm at λ = 668 nm and assuming
Λ = 500 nm, D = 0.5Λ and H = h+ 200 nm. The incident beam is TE polarized.
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Figure 4: (a) Square-shaped input beams with different sizes and (b) their corresponding
outputs. The inset table: size of the square-shaped input beams in µm. (c) Rotated input
patterns and (d) their corresponding outputs showing fader edges as the rotation angle ap-
proaches to ϕ = 45◦ . The white bar shows the length of 270 µm in (a) and (b) and the length
of 6.4 mm in (c) and (d). The inset table: rotation angles of the square-shaped input beams
in degree.
10
ϕ (deg)
0 10 20 30 40 50 60 70 80 90
∆
ℓ
(µ
m
)
160
180
200
220
240
260
280
300
320
340
Figure 5: Rayleigh spatial resolution versus ϕ for transfer function of Fig. 3(a)
(a) (b)
Figure 6: (a) Sharif University of Technology logo as the input incident beam. (b) Edges
of the image resolved in the transmitted beam. The back and white bars correspond to the
length of 4.8 mm.
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